Abstract Tropical channel models, defined as models that are global in the zonal direction but bounded in the meridional direction, are particularly useful for simulating the Madden-Julian oscillation (MJO) and understanding its physical and dynamical basis. Influences from the extratropics through the lateral boundaries have been found to be essential to the reproduction of the initiation of certain MJO events. This led to a hypothesis that multi-year simulations using a tropical channel model would reproduce reasonable MJO statistics under the influence of prescribed lateral boundary conditions derived from global reanalyses. Interestingly, the MJO statistics in such a multi-year simulation by a high-resolution tropical channel model are not better than those from global climate models. The error in the atmospheric mean state is found to be a possible reason for the poor MJO statistics in the simulation. Nevertheless, even with a large error in the mean state, the multi-year simulation captures two MJO events previously found to be initiated by extratropical influences. However, the model does not reproduce a third event, whose initiation is not directly influenced by the extratropics. This implies that in the absence of dynamical interactions between the MJO and the lateral boundary conditions, the error in the mean state could be sufficient to prevent the MJO initiation. To explore this third MJO event further, a series of sensitivity tests are conducted. These tests show that the simulation of this event is neither critically influenced by the cumulus parameterization employed, nor the initial conditions when the model is integrated 2 weeks prior to the MJO initiation. The model captures this event when the MJO signal is already present in the initial conditions. The use of highresolution sea surface temperature does not improve the simulation of the third MJO event. A higher-resolution nested domain covering the Indo-Pacific warm pool region and including a cloud-system resolving domain over the Indonesian Maritime Continent has little effect on the MJO initiation over the Indian Ocean. In \2 weeks the error in the simulation is comparable to the climate error. The role of the simulated MJO on the mean state is also explored. Implications and limitations of these results are discussed.
circulation, and because of its apparent relationship with other meteorological phenomena in the tropics and beyond (see Lau and Waliser 2005; Zhang 2005) . While these studies have improved our knowledge of the MJO over the past decades, accurate numerical simulations of the MJO remain a challenge. Most models do not quantitatively reproduce the observed spatio-temporal scales of the MJO, nor its initiation.
Previous modeling studies typically use: (1) simplified/ analytical approaches (e.g., Blade and Hartmann 1993; Wang and Li 1994; Majda and Biello 2004; Moncrieff 2004; Wedi and Smolarkiewicz 2010) ; (2) physically more complex atmospheric global climate models (GCMs; Maloney and Hartman 2001; , coupled atmosphere-ocean GCMs (Sperber et al. 2005; Pegion and Kirtman 2008a, b) ; and numerical weather prediction models Woolnough et al. 2007; Agudelo et al. 2009 ); (3) a cloud-system resolving model with a regional domain (Grabowski and Moncrieff 2001) and the global domain (Miura et al. 2007 ); (4) a regional mesoscale model (Gustafson and Weare 2004a, b; Monier et al. 2009) , and a tropical channel model (TCM; Ray et al. 2009, hereafter R09; Ray and Zhang 2010, hereafter RZ10) .
Each category of model has advantages and disadvantages in terms of area coverage, spatial resolution, and the realism of parameterizations of the physical processes, i.e., convection, radiation, planetary boundary layer, and surface exchange. Most models underestimate the strength of the intraseasonal variability and fail to capture its seasonality. The performances of recent GCMs in capturing the MJO were documented by Lin et al. (2006) and Zhang et al. (2006) . These studies showed that numerical simulation of the MJO is difficult, and large differences may arise with subtle differences between the models. There are several examples of improved MJO reproduction by changing the physical process parameterization, but the reason for improvement is not always well understood and the improvements may not be robust. Changes to resolution (e.g., Inness et al. 2001) , convective parameterizations (e.g., Maloney and Hartman 2001) , inclusion of oceanatmosphere feedback (e.g., Zheng et al. 2004) , are common examples.
The objective of this paper is to investigate the role of the atmospheric mean state on the initiation of the MJO using a high-resolution TCM. The main advantage of a TCM compared to a regular regional model is that, without east-west boundaries, it isolates the external influences arriving solely from the extratropics. The added constraint provided by the lateral boundary conditions is expected to improve the simulated MJO statistics. Taking this advantage, Gustafson and Weare (2004a, b) adopted a regular regional model to simulate the MJO over a 2-year period, which yielded reasonable MJO statistics. We use a TCM to examine MJO statistics and individual MJO events. We also use a similar TCM incorporating a different mesoscale model (see Sect. 2.1). Following R09, the initiation of the MJO is defined as the initiation of intraseasonal westerly wind anomalies over the Indian Ocean, irrespective of whether or not it is preceded by a previous event. Occasional references are given with respect to precipitation (P) and humidity.
The error in the mean state is found to be the primary reason for the unsatisfactory MJO statistics in our simulations. This aspect was previously explored using GCMs (e.g., Slingo et al. 1996; Maloney and Hartman 2001; Ajayamohan and Goswami 2007; Maloney 2009) , observations (Zhang and Dong 2004) , and modelobservation comparison (Zhang et al. 2006) . It was found that the realistic distributions of lower-tropospheric zonal wind and specific humidity, boundary-layer moisture convergence, and precipitation in models were necessary for them to reproduce realistic statistics of the intraseasonal variability. However, the effects of the mean state on the individual MJO events have not been studied previously.
We go one step further by asking: Does the error in the mean state affect all MJO events in a similar way? Is it possible to overcome this deficiency through dynamical control exerted by the meridional boundary conditions? To address these questions, we select three MJO events (see Sect. 2.2) within a time period from which MJO statistics are constructed. Two of them were previously found to be initiated by extratropical influences. R09 showed that simulated MJO initiation in zonal winds of these two observed events did not critically depend on detailed characteristics of the SST, the initial conditions, the latitudinal location of the lateral boundaries, and latent heating and moist processes. The time varying lateral boundary conditions from a global reanalysis was the only factor found to be responsible for the reproduction of the MJO initiation. The mechanism of the MJO initiation for these two events were explored by RZ10, who found the importance of meridional advection of westerly momentum from the extratropics in the generation of lower tropospheric westerlies in the tropics associated with the MJO initiation.
Interestingly, the model in the present study simulates these two MJO events (after years from the start of the model integration) even with a large error in the mean state. The third event is completely missed by the multiyear simulation. In order to quantify causality for the poor simulation of this MJO event, we adopt a case study approach in which we conduct a series of sensitivity tests to investigate the effects of various factors, such as highresolution inner domains, cumulus parameterization, initial conditions, and SST. The error in the mean state, possibly due to cumulus parameterization, is found to be crucial in preventing the simulation of this MJO event in the absence of dynamic control from the lateral boundaries. When the MJO statistics are considered, the mean state refers to a climatological or a seasonal mean. When the model is integrated for just few weeks covering an individual MJO event, the model mean state is over the integration time (e.g., 1 month). In the sense that the ''weather bias'' and ''climate bias'' are found to be very similar (Boyle et al. 2008) , this distinction is somewhat moot.
Section 2 provides a brief description of the model, configurations of the numerical simulations, methods, and data used to constrain and validate the simulations. Section 3 presents the effects of the mean state on the MJO statistics and individual MJO events. Section 4 describes a series of sensitivity tests. The effects of the error growth in the simulations are explored in Sect. 5. Further discussions of the results, their implications and limitations are in Sect. 6, followed by conclusions in Sect. 7.
In summary, the error in the mean state is found to be important (relatively unimportant) for the initiation of the MJO, in absence (presence) of dynamical control from the meridional boundary conditions. In other words, the dynamical influences emanating from the lateral boundaries can sometimes overcome the negative effects of errors in the mean state on the initiation of the MJO.
Model and data

Model
A nested regional climate model (NRCM, http://www. nrcm.ucar.edu) was recently developed at the National Center for Atmospheric Research (NCAR) based on the Weather Research and Forecasting (WRF) model. A tropical channel model (TCM) is a particular type of NRCM whose computational domain is global (periodic) in the zonal direction and bounded in the meridional direction.
TCMs have two major advantages for the simulation of zonally low-wavenumber phenomena such as the MJO: (1) the need for lateral boundary conditions in the zonal direction is eliminated; (2) the need for lateral boundary conditions in the meridional direction can be turned to advantage, namely quantifying the effects on MJO initiation by extratropical disturbances propagating into the tropics.
We use the WRF-based TCM in our investigations of the MJO initiation. Conceptually, the configuration is similar to the TCM developed at the University of Miami based on the fifth-generation Pennsylvania State University-NCAR Mesoscale Model (MM5), known as the Tropical MM5 (TMM5, Ray 2008; R09). The horizontal grid-spacing of the WRF-based TCM is 36 km, and the meridional boundaries are placed at 30°S and 45°N. The model top is at 50 hPa, and 35 vertical levels are used. Output is archived every 3 h. The configuration of the NRCM used in this study is shown in Fig. 1 . The inner domains have grid-spacings of 12 km (domain D2 in Fig. 1 ) and 4 km (D3 in Fig. 1 ) respectively, and they are located over the warm pool region of the Indian and west Pacific Oceans. Two-way interactions occur between the domains in the nested simulations. No cumulus parameterization is applied in the 4 km (cloud-system resolving) domain. A larger domain (45°S-45°N) with higher vertical resolution (51 levels) and model top at 10 hPa is also integrated for several years.
Preliminary simulations are performed over the maritime continent to evaluate the skill of the NRCM simulations against observations and reanalyses. Based on these tests, the suite of parameterizations selected for this study are: Kain-Fritsch cumulus parameterization (KF, Kain 2004) , WSM6 cloud microphysics (Hong et al. 2004) , CAM 3.0 radiation scheme (Collins et al. 2006) , YSU boundary layer scheme (Hong et al. 2006) , and Noah land surface model (Chen and Dudhia 2001) . A modified BettsMiller (BM, Janjic 1994) scheme is also used to perform a sensitivity tests for the NRCM. A different set of schemes is used in TMM5 for the MJO simulations based on results from more than thirty experiments.
Experimental design and method
The overall approach is to diagnose MJO statistics as well as individual MJO events simulated by the NRCM. Several simulations (multi-year or shorter) are conducted to identify and understand problems in MJO reproduction. We are particularly interested in the model's performance in capturing three individual MJO events. They were in April-May 2002 (Case 1), November-December 2000 (Case 2), and April-May 1997 (Case 3), respectively.
For Case 1 (Fig. 2a) , the U850 over the Indian Ocean propagated at a speed slightly faster than the average MJO phase speed (5 m s -1 , marked by the straight line in Fig. 2) . However, the propagation speed over the west Pacific was much faster. Therefore, Case 1 can be considered as a combination of an MJO over the Indian Ocean and (perhaps) a convectively coupled Kelvin wave (Straub and Kiladis 2002) over the western Pacific.
Case 2 (Fig. 2b ) was a classic MJO event in terms of location and propagation that occurred during the prime season for the MJO (Salby and Hendon 1994) . The initiations of the MJO events in Cases 1 and 2 were found by R09 and RZ10 to be strongly influenced by extratropical forcing. Therefore, one would expect the NRCM to be able to capture these two events when forced by realistic (reanalysis-based) lateral boundary conditions. The third MJO event occurred during April-May 1997 (Case 3, Fig. 2c ). This event started around end of April, and anomalies in lower tropospheric zonal wind and precipitation propagated from the western Indian Ocean to the western Pacific at a speed of about 5 m s -1 . This event was followed shortly by a strong ENSO event in the summer. Cases 1 and 3 occurred in boreal spring in which the MJO is closest to the equator but on average weaker than in other seasons (Zhang and Dong 2004) . All three events show a characteristic intraseasonal transition from low-level easterlies to westerlies. According to Matthews (2008) , all three cases considered here are 'successive' MJO events (i.e., preceded by a prior MJO event). Matthews also found in his composite study that the 'successive' events are systematically influenced by the extratropics. However, our analyses of Case 3 using a reanalysis dataset did not reveal any evidence of extratropical influence through the lateral boundaries at the initiation time of this MJO event.
The simulations using the NRCM are listed in Tables 1  and 2 . The simulation 1DOM in Table 1 is used to document the MJO statistics in the NRCM, and also to verify its ability to simulate individual MJO events. To extract the MJO signal, a singular vector decomposition (SVD) is applied to U850 and P. This method considers the windprecipitation coupling associated with the MJO. The leading modes are selected based on the North et al. (1982) rule. Three leading modes are found for both observations and model, and they explain 41% and 31% of the covariance for the reanalysis and the NRCM, respectively. These selected modes represent the intraseasonal coupled components between U850 and P. Time series of U850 and P reconstructed through linear regression of intraseasonal bandpass filtered U850 and P upon their selected leading SVD modes, are considered to represent the MJO.
A similar multi-year simulation (1DOM_2 in Table 1 ) is also considered to evaluate its skill in capturing Case 1. Two other experiments (2DOM and 3DOM in Table 1 ) are made to document the effect of increases in the horizontal resolution over the Indo-Pacific warm pool region on MJO initiation.
We also diagnose multi-month simulations of Case 3 to document the sensitivity of MJO initiation to cumulus parameterizations (i.e., BM, NO_cumulus, May1_KF, May1_BM, Apr15_KF, Apr15_BM in Table 2 ), initial conditions (i.e., May1_KF, Apr15_KF, Apr16_KF in Table 2 ) and SST (i.e., 98SST, Dy_diur_SST, Diur_SST). The simulations using TMM5 are described in Table 3 . Simulations TMM5_1 and TMM5_2 were previously used by R09 and RZ10 to document the initiation mechanism for Cases 1 and 2, respectively. The third simulation, TMM5_3 for Case 3, is conducted with the same configuration as the NRCM except the Betts-Miller (Betts and Miller 1986) scheme was used in place of the Kain-Fritsch cumulus parameterization. Note that the Betts-Miller scheme (Betts and Miller 1986) available within the MM5 is different from the Betts-Miller scheme (Janjic 1994 ) available within the NRCM.
Data
The initial and boundary conditions of the NRCM are from the National Centers for Environmental Prediction-NCAR (NCEP-NCAR) Re-analysis (2.5°9 2.5°, 6-h; Kalnay et al. 1996) . The SST data for 1DOM is from atmospheric model intercomparison project (AMIP; 1°9 1°, 6-h; Table 1 BM scheme as compared to 1DOM in Table 1 NO_cumulus 
Role of the mean state
The role of the mean state on simulated MJO statistics during 1996-2000 (1DOM in Table 1 ) is described first, followed by its role in individual MJO events.
MJO statistics
A space-time spectrum analysis (Hayashi 1979 ) is performed using the unfiltered time series of U850 and P to identify the intraseasonal (20-90 day) spectral peak ( Fig. 3) . A necessary criterion for the MJO is the dominance of the eastward propagating power over its westward propagating counterpart at the intraseasonal and planetary scales. In the observations (Fig. 3 , left), the MJO spectral power is well separated from the low-frequency component and the eastward power dominates its westward counterpart at the MJO space and time scales, but not quite so in the simulation (Fig. 3 , right), particularly for P (Fig. 3d) . The simulated MJO signal in P ( Fig. 3d ) is much weaker than that in U850 in comparison to the observation. This discrepancy indicates a lack of physical-dynamical coherence in the simulation. The results are summarized in Table 4 . Further evidence of a lack of eastward propagation of the precipitation patterns is shown in Fig. 4 . The observed precipitation clearly shows the eastward propagating phase Compare with Apr15_KF and Apr15_BM in Table 2 The horizontal resolution is 111 km. See text for further details [BM, Betts-Miller (Betts and Miller 1986) ( Fig. 4a ). There is a lack of eastward propagation in the simulation (Fig. 4b ) compared to the reanalysis in the Indian Ocean where the MJO was initiated. This is consistent with the precipitation spectra in Fig. 3c Zhang et al. (2006) reveals that the MJO simulation in the NRCM is not better than those in GCMs. This is less than satisfactory considering that the model is forced by time-varying reanalysis boundary conditions. Further diagnoses reveal that the error in the mean state is a reason for the poor MJO statistics in the simulation.
An example of the mean state effect on the MJO variance is shown in Fig. 5 . The MJO variance (contoured) and the westerlies (red hues) are reasonably collocated in the reanalysis (Fig. 5, left) , but not quite as well in the NRCM (Fig. 5, right) , particularly over the equatorial Indian Ocean where the initiation of the three MJO events occurred. During boreal winter (DJF), simulated westerlies and the MJO variance (Fig. 5e ) are stronger and located further from the equator compared to the reanalysis (Fig. 5b, red hues) . This is the season for Case 2. During boreal spring (MAM), the observed variance of the MJO is closest to the equator (Fig. 5c ). The simulated variance and the westerlies during spring are shifted further from the equator, particularly in the southern Indian Ocean (Fig. 5f ). Cases 1 and 3 occurred during this season. The results are similar for precipitation with overestimation in the southern hemisphere and underestimation near the equator (not shown).
MJO cases
In this section, we explore the ability of NRCM in capturing the three MJO events described previously. Figure 6 shows the U850 anomalies for Cases 1 and 2. The TMM5 simulations exhibit the intraseasonal switches between easterly and westerly anomalies and eastward propagation as seen in the reanalysis, especially over the Indian Ocean (Fig. 6b, e) . It is quite surprising that the NRCM is able to capture these two MJO events, although with less fidelity than TMM5 (Fig. 6c, f) , at about the same time as the reanalysis (Fig. 6a, d ) after years from the model initial time. For Case 2, the MJO initiation region seems to shift eastward in the NRCM simulation (Fig. 6f ) compared to reanalysis (Fig. 6d) and TMM5 (Fig. 6e) . The MJO is thought to be unpredictable beyond 2-3 weeks (e.g., Waliser et al. 2003) in which case the reproduction of the MJO initiation by the NRCM cannot be attributed to the initial conditions. [This hypothesis will be tested in Sect. 4.4.] The implication is that a large-scale control (e.g., the effects of extratropical excitation represented by the meridional boundary conditions) is in operation.
The large-scale circulation associated with the MJO events is described in Fig. 7 in terms of U850 (colored) and U200 (contoured), respectively. The errors in the simulations are obvious, especially over the equatorial Indian and west Pacific Ocean where the maximum winds extend further north from the equator in all three cases. Moreover, the spatial scale of the easterlies is much larger in the simulation than in the observations in both the zonal and Table 4 The ratio of eastward to westward propagating power for 850-hPa zonal wind (U850) and precipitation (P) averaged over 10°S to 10°N at zonal wavenumbers 1 and 2, and at 20-90 day time period In fact, the simulated winds are too strong over the maritime continent indicating that the 'barrier'' is less effective in the model. The systematic error in the model in Fig. 7 is consistent with that in Fig. 5 . While the NRCM simulations are far from perfect, the initiations of MJO in Case 1 and Case 2 appear not to be affected by errors in the model mean state. On the other hand, the NRCM simulation 1DOM is not able to capture Case 3 over the Indian ocean (see Sects. 4, 5) , and that an anomalous MJO-like westerly wind signal occurs in the western Pacific. The errors in the mean state of the NRCM simulations are about the same in the three cases (see Sect. 4). It is possible that the lateral influences overcome the negative effects of errors in the mean state in Cases 1 and 2, but the error in the mean state dominates over the lateral influences in Case 3. However, the fidelity of the numerical simulations depend on many factors, such as resolution, cumulus parameterization, initial conditions, and SST, all of which may affect the mean state and the MJO initiation. Such aspects are examined in the next section in the context of Case 3.
Sensitivity tests
We have shown in Sect. 2.2 that the multi-year NRCM simulation successfully captures the initiation of two MJO events (Case 1 and Case 2) after years from the model initial time, but misses entirely the third event (Case 3). In order to identify the causality for the poor simulation of Case 3, we examine, through a series of numerical simulations reported in the following sections, the four hypotheses:
(1) Insufficient horizontal resolution; (2) Deficiencies in cumulus parameterization (i.e., KF) for this event; (3) Sensitivity to the SST distribution; (4) Sensitivity to the initial conditions.
Horizontal resolution
Two simulations (2DOM and 3DOM in Table 1 , see Fig. 1 for the domain definitions) are conducted to evaluate the effects of increased resolution afforded by the nested innerdomains. This is not a downscaling experiment involving increased horizontal resolution over the Indian Ocean: the objective is to explore the upscale effects on the MJO Figure 8 (left) shows the mean U850 (colored) and U200 (contoured) for April to June 1997. The winds are overestimated in the 1DOM simulation (Fig. 8b ) compared to the reanalysis (Fig. 8a) over the equatorial regions of Indian and west Pacific Ocean. The use of 12 and 4 km domains (Fig. 8c, d ) improves the simulation to some extent in the west Pacific Ocean. This improvement is also evident in precipitation (Fig. 8, right) over the west Pacific Ocean. The simulation statistics in terms of mean error and rmse is summarized in Table 5 . The error becomes larger in the nested simulations compared to 1DOM for precipitation. The lack of precipitation over the equatorial Indian Ocean is clear in all three simulations. The cloud-system resolving simulation using the 4 km domain (Fig. 8h) improves the precipitation over the west Pacific, but no improvement is seen when the entire tropics is considered. The excessive and unrealistic precipitation in the southern Indian Ocean to the east of the island of Madagascar (not shown) is produced by spurious tropical cyclones that bombard this region in each of the 1DOM, 2DOM and 3DOM simulations. Figure 9a shows the U850 anomalies from the reanalysis during April to June 1997. The MJO propagation in Case 3 is marked by the black line, with the eastward propagating zonal wind anomalies switching from easterlies to westerlies over the Indian Ocean around May 1. Neither of the nested-domains captures this MJO event. Although there is improvement over the western Indian Ocean, there is hardly any slow eastward propagation over that region where the Case 3 initiated. Some resemblances to the reanalysis at local scales possibly occur due to the use of observed SST as the lower boundary condition of the NRCM.
All simulations (except the one with 4 km domain) were conducted using the KF scheme. Therefore it is natural to ponder the ability of this scheme in simulating the Case 3. This is examined next. 
Cumulus parameterization
Previous studies have shown that the fidelity of the MJO in global models is sensitive to the cumulus parameterization applied in these models (e.g., Raymond and Torres 1998; Wang and Schlesinger 1999; Maloney and Hartman 2001) . However, there appears to be no satisfactory consensus. Slingo et al. (1996) found that models using convective closures based on buoyancy tend to produce better intraseasonal oscillations than those on moisture convergence, whereas a more recent study by Lin et al. (2006) found that models that produced the more satisfactory MJOs had convective closures based on moisture convergence. In general, there is a significant degree of model dependence. It is hard to know in advance which type of convective parameterization is appropriate for a particular situation. Gustafson and Weare (2004a,b) , R09, and Monier et al. (2009) made successful MJO simulation in MM5 that used Betts-Miller (Betts and Miller 1986 ) cumulus parameterization. Encouraged by this result, we perform two sets of TCM simulations. The first set applies the 'warm start' procedure, where the initial conditions are provided from restart files of the 1DOM simulation. Two simulations are performed, one uses the Betts-Miller-Janjic (BM in Table 2 ) and the other has no cumulus scheme (NO_cumulus in Table 2 ), therefore the convection is explicitly represented at 36-km grid-spacing. Neither simulation produces an MJO (not shown).
The second set of three simulations uses the 'cold start' procedure where the initial and the boundary conditions are supplied by the reanalysis at May 1, 1997. The three simulations use: (1) the KF scheme (May1_KF in Table 2 ); (2) the BM scheme (May1_BM in Table 2 ); (3) the KF scheme with the diurnal cycle of SST added (Diur_SST in Table 2 ). All three cold-start simulations produce an MJOlike system (Fig. 10) . In the reanalysis (Fig. 10a) during May, the eastward propagation of the MJO is evident. All the simulations starting from May 1 capture this propagation, albeit with errors, particularly for the BM scheme (Fig. 10d) where westward propagating synoptic-scale features are prominent and the eastward propagating system is weak. In general, irrespective of the cumulus parameterization, an MJO is simulated when the integration starts very close to or soon after the MJO initiation. Also, the KF scheme does reproduce the MJO and the associated Rossby gyres (not shown). In order to further investigate the effects of the KF and BM convective parameterizations, we perform three more simulations (Apr15_KF, Apr16_KF, and Apr15_BM in Table 2 ), starting 2 weeks before the MJO initiation in the Indian Ocean. While the model initial time is within the MJO predictability limit of 2-3 weeks, none of the simulations capture the MJO (not shown).
Sea surface temperature
The extent to which the simulation of Case 3 is sensitive to the SST is examined by conducting three test simulations. In the first test, SST during 1997 is replaced by SST during 1998 (98SST in Table 2 ). This is done with the expectation that the model may not properly respond to the anomalous SST pattern that occurred during 1997 (e.g., McPhaden 1999), since the MJO signal generated within a model does not necessarily reflect the SST distribution (e.g., Zheng et al. 2004) . When initialized using the restart files from 1DOM, the model does not reproduce the MJO (not shown). In the second test, higher temporal and spatial resolution SST is used and the model is integrated for 2 months (Dy_diur_SST in Table 2 ). The results closely resemble May1_KF (Fig. 10b) . In the third test, diurnal cycle of SST is added using a simple skin temperature scheme (Diur_SST in The simulated MJO in this test (Fig. 10c) is similar to that of May1_KF (Fig. 10b) . In particular, both simulations produce much weaker anomalies over the western Indian Ocean, and the MJO initiation seems to be shifted eastward compared to that in the reanalysis (Fig. 10a) .
The results show that higher-resolution SST does not improve the simulation of Case 3, particularly over the western Indian Ocean where the MJO initiation occurred. This is consistent with Pegion and Kirtman (2008a, b) who found that climatological SST was adequate to reproduce realistic MJO simulation over the Indian Ocean.
[A representation of the oceanic mixed layer along with increased vertical resolution providing an improved diurnal cycle may more successfully simulate an MJO, ).] In a coupled model, the SST feedback on the simulated MJO depends critically on the model's ability to reproduce correct mean state and basic MJO characteristics (e.g., Waliser et al. 1999; Hendon 2000) . While the mean-state differences between the simulations are small, it is not known how sensitive the MJO response is to errors in the mean state. See Sect. 5 for further discussions on this.
Initial conditions
It appears from Sect. 4.3 that initial conditions played a role in the MJO simulation for Case 3. This is investigated in a series of test runs. Both cumulus schemes (KF and BM) are used. Examples are shown in Fig. 10b, d . All the simulations starting from May 1 when the MJO is already active in the initial conditions can generate an MJO. This is consistent with Jones et al. (2000) and Agudelo et al. (2006 Agudelo et al. ( , 2009 among others, who found that the MJO prediction skill is improved when the oscillation is present in the initial conditions. On the other hand, no simulation starting 2 weeks prior to the MJO initiation can capture the MJO; that is, within the predictability limit of the MJO (2-3 weeks, Waliser et al. 2003) . By degrading the quality of the initial conditions, Vitart et al. (2007) found that the MJO prediction skill was substantially reduced, and further increases in the horizontal resolution of the atmospheric model made minor impact on the MJO simulation. The quality of the initial conditions provided by the reanalysis is not known for this MJO event. At any rate, the effects of the initial conditions in a TCM are limited by the accuracy of the meridional boundary conditions. It is conceivable that the model-suggested MJO predictability limit could be broken with the help of timevarying lateral boundary conditions, on the premise that the model would reproduce a reasonable mean state and facilitate the effects of the boundary excitation. A logical hypothesis is that the growth of model error would prevent the initiation of Case 3 2 weeks in advance. This hypothesis is tested in the next section.
Error growth
To explore causality in the inability to simulate Case 3, we examine the mean state and error growth from different test simulations. An example for May 1997 is shown in Fig. 11 . The westerlies at the 850-hPa in the reanalysis (Fig. 11a) are captured well by only two simulations starting from May 1 (Fig. 11c, d) . The errors are obvious in the 1DOM simulation (Fig. 11b) . Interestingly, mean U850 for Apr15_KF (Fig. 11e) is very similar to that of 1DOM (Fig. 11b) , with anomalously lower (higher) values of U850 over the Indian Ocean (west Pacific). Such errors are not present in the cold start simulations (Fig. 11c, d ). This is indicative of the error in the mean state that might have affected the MJO initiation for Case 3. The simulated U200 is too strong compared to that of the observations over the Indo-Pacific warm pool region (Fig. 11, contour) . The lack of precipitation in the simulations in the near equatorial region is obvious (Fig. 11, right) , which is consistent with the lack of eastward propagation of precipitation shown in Figs. 3 and 4 . The performances of these simulations are summarized in Table 6 .
Humidity has been suggested to be important to the MJO in observations (Kemball-Cook and Weare 2001) and numerical simulations (e.g., Agudelo et al. 2009; Maloney 2009 ). Its possible effects on Case 3 are shown in Fig. 12 . The positive humidity anomalies associated with the MJO initiation in the lower-and mid-troposphere over the Indian Ocean in the reanalysis (Fig. 12a) are captured well by the May1_BM simulation (Fig. 12d) although with bias in magnitude. This is consistent with the results of Gustafson and Weare (2004a, b) and R09 who successfully used Betts-Miller (Betts and Miller 1986) scheme for the MJO simulation. The positive anomalies over the 80°-100°E longitude were partially captured by the May1_KF simulation (Fig. 12c) . However neither 1DOM (Fig. 12b) nor Apr15_KF (Fig. 12e) capture the highest positive humidity anomalies over the same region. This is related to the fact that the initiation location of positive U850 anomalies in the simulations is shifted eastward compared to the reanalysis (see Figs. 9, 10 ). The lower troposphere over the Indian Ocean is relatively too dry (a mean-state problem), which is consistent with the lack of precipitation (see Fig. 11 , right panels). The humidity fields are similar in 1DOM (Fig. 12b) and Apr15_KF (Fig. 12e ) indicating the systematic model error. Thus the failure of these simulations to capture the MJO may be related to the errors in the specific humidity (e.g., Maloney 2009). We investigate the error growth in U850 and precipitation by estimating the evolution of rmse, calculated using pentad data at a resolution of 5°9 5°. The results are shown for only those simulations that had cold initialization. Figure 13 (left) shows the evolution of rmse for U850 from the six simulations. Considering the entire domain (Fig. 13a) and as expected, the largest error around April 16 (when three simulations started) is for 1DOM. Simulations started in mid April have much less initial error compared to the 1DOM simulation at that time, but the errors drift to the ''climate error'' within about 15 days. Simulations starting from May 1 exhibit similar features. In the tropics (10°S-10°N, Fig. 13b ), the error growth shows similar pattern. Interestingly, more than 50% of the ''climate error'' is developed within the first 5 days of the simulation, as documented by Boyle et al. (2008) for GCMs. As expected, the error in the tropics (Fig. 13b) is larger than that in the entire domain (Fig. 13a) . Figure 13a and b are repeated in Fig. 13c and d by doing an ensemble of the simulations. The May1 ensemble includes two simulations (May1_KF, and May1_BM) and the Apr16 ensemble includes three simulations (Apr15_KF, Apr16_KF, and Apr15_BM). Both ensembles show similar behavior compared to the individual simulations (Fig. 13, right) . Again, the errors are larger in the equatorial region (Fig. 13d) compared to the entire domain (Fig. 13c) . Figure 14 shows the error growth for precipitation. Again, most of the errors occur within the first 1-2 weeks (Fig. 14a) , but within the equatorial region, the error exceeds that of the 1DOM simulation for simulations starting from May 1 (Fig. 14b) . This suggests that spinup errors are larger for precipitation than for U850. Interestingly, the model still reproduces the eastward propagation of U850 anomalies (see Fig. 10 ), indicating that the precipitation and winds are weakly coupled (see also Fig. 3) . The rmse for precipitation is expectedly larger in the equatorial region for all simulations. Figure 14c and d show the precipitation rmse for the ensembles. The error within 5-days is comparable or larger than that of 1DOM simulation in the equatorial region (Fig. 14d) .
The error shows similar pattern when individual ocean basins (Indian Ocean sector 40°E-100°E, and west Pacific sector 130°E-180°) are considered (Fig. 15 ). An intriguing result is that the rmse between the Indian Ocean and west Pacific is out of phase, and is generally larger for the west Pacific than the Indian Ocean. For simulations starting from May 1, the error in precipitation grows over the Indian Ocean, and reduces over the Pacific (green lines in Fig. 15c) initially. This is due to the active (Indian Ocean) and break phase (west Pacific) of the MJO in the two regions. This situation reverses in the middle of May, when the active (break) phase of the MJO is over the west Pacific (Indian Ocean). Similar features are also found for simulations starting from April 15.
We have so far described the effects of the mean state on the initiation of the MJO as a one-way influence. This assumption is somewhat appropriate for the initiation of a single MJO event, when the model is integrated days before the initiation without interfering with other MJO event. Thus, the results presented in this section from the sensitivity simulations starting in April and May can be labeled as the effects of the mean state on the MJO. But when the simulations cover multiple MJO events, the assumption of one-way influence is unlikely to be appropriate. In reality, the effects of the mean state on the MJO and vice versa are impossible to separate, especially for the entire MJO life cycle. Therefore, the effects of the mean state on the MJO statistics as described in Sect. 3.1 also include the MJO effects on the mean state.
The physical basis for the errors in model mean state and whether part of this error may come from the MJO are important considerations. Figure 16 (left) shows the vertical structure of zonal winds from the reanalysis at different stages of the MJO. About a week before the MJO initiation (Fig. 16a) , lower tropospheric westerlies are weak over the western Indian Ocean, and gradually strengthen (Fig. 16b) . When the MJO is active over the Indian Ocean (Fig. 16c) , baroclinic structure of the zonal winds is prominent with lower (upper)-trpospheric westerlies (easterlies) to the west of convection, and lower (upper)-tropospheric easterlies (westerlies) to the east of convection. A similar feature occurs when the MJO is active over the Pacific (Fig. 16d) . Table 6 The errors of the sensitivity simulations over the entire tropics (20°S-20°N) , and the Indian Ocean (IO, 20°S-20°N, 40°-100°E See Fig. 1 for domain definitions, and Tables 1 and 2 for experimental details. The units are m s -1 for U850 and U200, and mm day -1 for precipitation This classic picture of time evolution of the zonal winds in the reanalysis associated with the MJO is not reflected in 1DOM (Fig. 16, right) . The lower-tropospheric westerlies cover a much larger longitudinal area in the model compared to the reanalysis, and are consistent with the mean U850 as shown in Figs. 5, 7, 8, and 11. Thus it is not a surprise to see an increase in the model error in the simulated U850 at the initiation of the MJO (see the green and blue lines in Fig. 13d) . The vertical structure of the zonal winds in Fig. 16e and f resemble a quasi-stationary Walker-like circulation, which is more prominent in the nested-domain simulations (not shown) leading to error in the mean state (see Fig. 8 ). Are such errors in the vertical structure of zonal winds present for the two MJOs (Case 1 and Case 2) that were simulated with reasonable success? Figure 17 shows the vertical structure of zonal winds from the reanalysis and the 1DOM simulation for the Case 2. Prior to the MJO initiation the model (Fig. 17e) realistically captures the baroclinic structure of the zonal winds present in the reanalysis (Fig. 17a) . During the MJO initiation and its active phase over the Indian Ocean (Fig. 17b, c) the model overestimate the westerlies (Fig. 17f, g ) that stretch further eastward. Interestingly, when the MJO is active over the Pacific (Fig. 17d) , the zonal winds are very well simulated (Fig. 17h) . The result shows that with direct and realistic dynamical influences from the lateral boundary conditions, it is indeed possible to capture the fundamental baroclinic structure of zonal winds within a multi-year simulation.
In general, the model errors in the individual short simulations attain the errors in the longer simulation (''climate error'' in NRCM) within 1-2 weeks depending on the variables concerned. This error, in absence of direct dynamical influences from the lateral boundary conditions, prevents the MJO initiation for Case 3 in the simulations that are integrated 2 weeks before the MJO initiation over the Indian Ocean.
Summary and discussion
The three MJO events considered herein are 'successive' events according to Matthews (2008) . He also found evidence of enhanced tropics-extratropics interactions prior to the initiation of such events. Two events are captured by the multi-year simulations indicating the influences from the lateral boundary conditions. The third event is not captured even when the integration is started just 2 weeks before its observed initiation. This is unexpected given that the predictability limit of the MJO is thought to be 2-3 weeks. To diagnose the causes behind the poor MJO simulation for this third event (Case 3), we conduct a series , averaged over 5°S-5°N) for Case 3 during 1-5 May, 1997 from the a reanalysis, b 1DOM, c May1_KF (cold start from May 1 using KF scheme), and d Apr15_KF (cold start from April 15 using KF) of sensitivity tests. The outcomes of these tests are as follows:
(1) The nested inner-domains seem to capture convectively coupled Kelvin waves but fail to initiate the MJO; in particular, there are too many westward propagating features. The bias towards westward propagation stems from convection coupling too strongly to rotationally dominated phenomena (e.g., easterly waves and tropical cyclones are overly active), a possible cause or a consequence of the time-mean off-equatorial rain bias in the model (see Tulich et al. 2010 for details).
(2) Higher resolution over the Indo-Pacific warm pool provides little improvement as far as MJO initiation of Case 3 is concerned, but we cannot rule out possible impacts of higher resolution over much larger regions such as the entire Indian Ocean.
(3) The 5-year simulation 1DOM using KF scheme fails to simulate the Case 3 MJO event in May 1997. Three more simulations including one with BM (Janjic 1994) scheme starting from May 1, 1997 using the restart files from the 1DOM do not reproduce this event. Thus the BM scheme is not a remedy for the lack of MJO statistics in 1DOM especially in the presence of large errors in the initial conditions.
(4) All the cold starts for Case 3 from May 1, 1997 when the MJO is already active in the reanalysis reproduce an MJO that is comparable to the reanalysis. Evidently, both the KF and BM schemes carry the MJO signals present in the initial conditions forward in time. The KF scheme is superior to the BM scheme in regard to the MJO Case 3.
(5) The Case 3 MJO is not captured whether the KF or the BM schemes are used when the model is integrated 2 weeks prior. This result suggests that the problems reported in (3) above are not entirely related to the large errors in the initial conditions coming from the restart files generated by long integration using the KF scheme.
(6) The TCM is an atmosphere only model forced by the SST without true oceanic feedback. Therefore, it is difficult to distinguish whether differences in the MJO simulation are due to the lack of coupled air-sea feedbacks or differences in the mean states. Such difficulties were overcome by Pegion and Kirtman (2008a) who compared MJO variability to an uncoupled simulation forced by daily SST from a coupled control run. This way they ensured that the differences between the coupled and uncoupled simulations were due to air-sea interactions. They found that airsea coupling was responsible for differences in the ) for simulations compared to the reanalysis over the a entire tropical channel domain (30°S-45°N), and b equatorial region (10°S-10°N). Right panels are for ensemble of simulations simulation of the MJO between the coupled and uncoupled models, specifically in terms of organization and propagation in the western Pacific. The role of intraseasonally varying SST was found to be important to the amplitude and propagation of the oscillation beyond the Maritime continent in their model. After removing the intraseasonally varying component in the SST and lateral boundary conditions in MM5, Gustafson and Weare (2004b) found only minor differences in the MJO simulation compared to the simulation forced with observed SST. R09 also reported that use of constant SST did not influence the MJO initiation in the Indian Ocean. These results indicate that it may be possible that the MJO initiation is independent of oceanic feedback, but its amplitude and propagation is influenced by the air-sea interactions whose effect is dominant over the Pacific.
Is the TCM's inability to simulate MJO Case 3 due to shortcomings from the cumulus parameterization? The answer seems to be affirmative, because, when the TMM5 using the Betts-Miller (Betts and Miller 1986) scheme and the same lateral boundary conditions (30°S and 45°N, TMM5_3 in Table 2 ) is integrated from 2 weeks before the observed MJO initiation, this event is captured (not shown). Interestingly, the lack of MJO in a channel model does not necessarily imply a lack of tropical-extratropical interaction. For example, if the observed source of perturbations that eventually initiate an MJO event is located inside the model domain, then the lateral boundary conditions may not be effective beyond the MJO predictability limit. As a result, the locations of the meridional boundaries of a TCM are crucial for capturing the extratropical influences, if any, on MJO initiation.
There are other aspects revealed by our study that require further investigation.
• The cloud-system resolving simulation (3DOM in Table 1 ) is subject to errors from the initial conditions, because the simulation is initialized using the restart files after 1 year from the initial time of 1DOM simulation. The initialization of the cloud-resolving domain at the beginning of the simulation also does not guarantee a better simulation in the tropics, because errors due to cumulus schemes in the mother domain certainly affect the cloud-system resolving domain in ways that are not understood. The true effects of the cloud-system resolving domain can be quantified only if all the domains are cloud-system resolving or if the ) for simulations compared to observation over the a entire tropical channel domain (30°S-45°N), and b equatorial region (10°S-10°N). Right panels are for ensemble of simulations cloud-system resolving domain is big enough to encompass the region of MJO initiation.
• In a regular regional model, the domain size is vital for the model climate through the influence of boundary conditions. For example, a small domain may lead to very little ''climate error'' because the model is fundamentally controlled by its boundary conditions. On the other hand, the climate in a global model drift would be less constrained. The tropical channel model lies between the regular regional model and the global model. Thus, climate drift in the TCM simulation would not be noticeable in the smaller regional domains used by Gustafson and Weare (2004a, b) and Monier et al. (2009) . How much error in the mean state is sufficient to prevent the initiation of an MJO in the model is not known; arguably, it is event dependent. Thus a systematic study for multiple MJO events including several ''primary'' (no prior MJO) and ''successive'' (with prior MJO) events is needed to have a better idea of the effect of mean state on the MJO. Another aspect of the mean state effect on the MJO that is not described in this work is the following: Is it possible to simulate Case 3, if the TCM can reproduce reasonable mean state prior to the MJO initiation?
Unfortunately, none of the sensitivity tests reproduces a better mean state than that of 1DOM simulation prior to the MJO initiation, so this question remains unanswered.
• Problems have been reported with the new BM scheme (Janjic 1994 ) that was used herein for the NRCM. Using the original version of the BM scheme (Betts and Miller 1986 ) available within the MM5, the simulation TMM5_3 was able to capture Case 3 2 weeks in advance. Thus the effects of the original Betts-Miller scheme available within the MM5 package needs to be tested in the TCM framework. Such efforts are ongoing at present in collaboration between the NCAR and U. of Miami.
• The results have interesting implications for ENSO prediction. Note that the Case 3 (May 1997 MJO event) was followed shortly by a very strong ENSO event in the summer (McPhaden 1999) . If Case 3 cannot be predicted beyond its believed predictability limit, then the simulated errors will undoubtedly affect the amplitude of the predicted ENSO. In fact, the precipitation associated with 1997-1998 ENSO event is disorganized in the 1DOM simulation compared to the observation, even though the model was forced by the observed SST. With the initial and lateral boundary conditions provided by a global reanalysis, the WRF-based tropical channel model is integrated for several years. The simulated MJO statistics are no better than those found in the GCMs, due mainly to the error in the mean state. However, the multiyear simulation with large error in the mean state is able to capture two individual MJO events that were previously shown to be initiated by extratropical influences. On the other hand, the model is not able to simulate a third event, whose initiation was not directly influenced by the lateral boundary conditions. To further explore this event (Case 3), we perform several shorter sensitivity tests to understand the reasons behind the poor MJO statistics. While these simulations are far from perfect, the gross features of Case 3 are reproduced when the model is initialized during or soon after the MJO initiation. No clear MJO is reproduced when the simulation is started 2 weeks before the observed MJO initiation. A higher-resolution nested domain covering the Indo-Pacific warm pool region and including a cloud-system resolving domain over the Indonesian Maritime Continent has very little effect on the MJO initiation over the Indian Ocean. The simulations also show that the MJO initiation for Case 3 is insensitive to cumulus schemes and SST.
Further analysis reveals that the errors in the mean state in the sensitivity tests reach the errors in the longer simulation (or the ''climate error'' in the tropical channel model) within 1-2 weeks depending on the variables concerned. This result is in agreement with the similarity between weather error and climate error conducted as part of Climate Change Prediction Program-ARM Parameterization Testbed of the Program for Climate Model Diagnostics and Intercomparison (PCMDI) at the Livermore National Laboratory (Boyle et al. 2008 ). In the absence of direct dynamical influences from the meriodional boundary conditions on MJO initiation as in Case 3, the errors in the mean state prevent the MJO initiation in the simulations that are integrated 2 weeks before the MJO initiation over the Indian Ocean. In other words, the negative effect of mean state error can be overcome if there are extra dynamical influences, either from the meridional boundary conditions or initial conditions. Our main conclusions are based on three MJO events with emphasis on one event where we argue that the error in the mean state is sufficient to prevent the MJO initiation.
No general conclusions should be drawn based on this small sample size. A systematic study is necessary to assess the role of the mean state on statistically meaningful set of observed MJO events. Such an effort is planned within the WCRP-WWRP/THORPEX coordinated project, the Year of Tropical Convection (YOTC; Moncrieff et al. 2007; Waliser and Moncrieff 2008 ; http://www.ucar.edu/yotc).
In conclusion, this study has presented an approach for diagnosing a model's capability to simulate MJO statistics by utilizing the simulations of the individual MJO events. This approach is effective and viable, and a complement to the multiple, multi-year simulations of the high-resolution simulations that are not always feasible. The error in the mean state is found to be important (relatively unimportant) for the initiation of the MJO in the absence (presence) of dynamical control from the lateral boundary conditions. The results call for further research attention towards using the untapped potential of high-resolution models in the MJO simulation and forecasting.
